ABSTRACT In this paper, Fe 3 O 4 -titanium dioxide (TiO 2 ) composited photoelectrode was prepared by spin coating method. The effects of incorporating Fe 3 O 4 into the TiO 2 photoelectrode of dye-sensitized solar cell (DSSC) were investigated in detail by atomic force microscope, solar simulator, X-ray diffraction, UV-visible spectroscopy, and electrochemical impedance spectroscopy. Compared with the photovoltaic conversion efficiency of 2.35% of DSSC based on TiO 2 pure photoelectrode, the photovoltaic conversion efficiency of 3.54% was obtained. The experimental results show that the Fe 3 O 4 acted as a catalyst to provide another electron pathway for DSSC, which could lower the condition of electron recombination. Moreover, it could be found from Nyquist plot that the resistance at the interface between electrolyte and TiO 2 film increased for DSSC after incorporating Fe 3 O 4 into the TiO 2 photoelectrode, which indicated that the condition of electron recombination was restrained.
I. INTRODUCTION
Over the past decade, photovoltaic devices have been developed, such as silicon solar cell, organic solar cell, dye-sensitized solar cell, and so on [1] - [3] . Dyesensitized solar cells (DSSCs) have been widely investigated owing to its simple fabrication, low cost, and promising properties [3] , [4] . In general, the photoelectrode is an important part for the photovoltaic performance of DSSC. Titanium dioxide (TiO 2 ) was widely used as the material to fabricate the photoelectrode of DSSC, which could be attributed to its superior electrical, optical, and chemical properties. Nevertheless, the electron transportation in TiO 2 nanocrystalline film is a dynamic process, which contains the electron transportation and electron recombination [4] , [5] . This mechanism would directly influence the photovoltaic performance of DSSC. Therefore, improving the properties of electron transfer for TiO 2 photoelectrode is a key point to enhance the photovoltaic properties of DSSC.
In order to improve properties of electron transfer for DSSC, there are many ways to improve this problem, such as mirror-like cathodes [6] , using the light-scattering electrolytes to fabricate DSSC [7] , fabricating the coating photoelectrode with thin polymers [8] , using luminescent external coatings to enhance the ability of UV-light harvest for DSSC [9] , and so on. Incorporating material into TiO 2 film to enhance the electrical properties of TiO 2 film is one of methods. Recently, Fe 3 O 4 has been widely used in the photocatalyst and biomedical regions because of its high specific surface area, biocompatibility, and good dispersion [10] , [11] . Furthermore, Fe 3+ of Fe 3 O 4 could increase the light absorption from UV down to the visible region [12] , [13] . Many researches about Fe 3 O 4 to modify the optoelectronic devices and enhance the photovoltaic properties have been reported. For example, Liang Wang et al. used the composite of rosin carbon/Fe 3 O 4 as the counter electrode to enhance the electrocatalytic activity of DSSC [14] . F. Tasnim deposited Fe 3 O 4 nanoparticles onto TiO 2 nanotube to enhance absorptivity of the visible light spectrum [15] .
In this study, we describe the incorporation of Fe 3 O 4 into TiO 2 photoelectrode using spin coating method. The study is mainly focused on the structure analysis, photovoltaic properties, and electrochemical analysis for Fe 3 O 4 -TiO 2 composited photoelectrode for DSSC. The structural and photovoltaic analysis was observed by transmission electron microscopy (TEM), UV-visible spectroscopy (UV-vis Spectra), and solar simulator. Moreover, electrochemical analysis of DSSC was analyzed by electrochemical impedance spectroscopy (EIS).
II. EXPERIMENTAL

A. MATERIALS
Fe 3 O 4 powder was purchased from Alfa Aesar, U.S.A. The titanium dioxide (TiO 2 ) powder (P25) and ruthenium-535 (N3) were purchased from UniRegion Bio-Tech, Taiwan. Iodine puriss (I 2 ) was purchased from Riedel-de Haën, Germany. Ethanol was purchased from Katayama Chemical, Japan. Triton X-100 was purchased from PRS Panreac, Spain. Acetylacetone (AcAc), lithium iodide (LiI) and 4-tertbutylpyridine (TBP) were purchased from Sigma-Aldrich, United States. The 1-propyl-2, 3-dimethylimidazolium iodide (DMPII) was purchased from Tokyo Chemical, Japan.
B. PREPARATION OF THE FE 3 O 4 -TIO 2 COMPOSITED PHOTOELECTRODE
In the process of fabricating photoelectrode, we prepared the Fe 3 O 4 -TiO 2 composited paste, which was composed of 3 g TiO 2 powders (P25), 6 mL D. I. water, 0.15 mL Triton X-100, 0.05 mL AcAc, and 5 mg Fe 3 O 4 powder. Besides, the Fe 3 O 4 -TiO 2 composited paste was stirred at room temperature for 12 h. In order to compare the differences between DSSC based on different photoelectrodes, we also prepared a TiO 2 paste, which did not contain the Fe 3 O 4 ,
C. FABRICATION OF THE DYE-SENSITIZED SOLAR CELL
We used the spin coating method to drop the Fe 3 O 4 -TiO 2 composited paste (or TiO 2 paste) on the top of FTO glass. After the process of spin coating method, the Fe 3 O 4 -TiO 2 composited films (or TiO 2 film) based on the FTO glass were sintered at 450 • C for 30 min. The active area of photoelectrode was set to 0.64 cm 2 . Then, the sintered photoelectrode was immersed in 3 × 10 −4 M N3 dye solution for 24 h. The counter electrode of DSSC was fabricated by using radio frequency sputtering to deposit the platinum (Pt) onto FTO glass. The electrolyte solution consisted of 0.6 M 1-propyl-2,3-dimethylimidazolium iodide (DMPII), 0.5 M lithium iodide (LiI), 0.05 M iodine (I 2 ), and 0.5 M 4-tertbutylpyridine (TBP) in 3-methoxypropionitrile (MPN). After that, the sintered photoelectrode, electrolyte, Pt counter electrode were assembled into the sandwich cell structure, as shown in Fig. 1 .
D. MEASUREMENT SYSTEM
The particle size and morphology of Fe 3 O 4 were analyzed by transmission electron microscope (TEM) (JEM-1400, Japan). The surface roughness and structure of Fe 3 O 4 -TiO 2 composited film was analyzed by atomic force microscopy (AFM) (Bruker Dimension ICON, U. S. A.). Crystal structures of Fe 3 O 4 -TiO 2 composited film and TiO 2 film were determined by X-ray diffraction (XRD) using a Rigaku D/MAX2500 diffractometer with Cu Kα(λ = 1.5406 Å) radiation operated at 40 kV and 100 mA via a scan rate of 2 • /min. The absorption spectra of the desorbed dye solution of Fe 3 O 4 -TiO 2 composited film and TiO 2 film were measured by a UV-Vis spectrophotometer (JASCO MODEL V-600, Taiwan). The photovoltaic parameters of DSSC were measured by a solar simulator (MFS-PV-Basic-HMT, Taiwan) and the incident sunlight intensity was 100 mW/cm 2 . The Nyquist plot and changes of internal structure for DSSC were investigated by electrochemical impedance spectroscopy (BioLogic SP-150, France) with frequency from 1 MHz to 50 mHz and an AC perturbation signal of 10 mV. [16] , [17] .
III. RESULTS AND DISCUSSION
In addition, we used XRD to investigate the crystal structure of Fe 3 O 4 -TiO 2 composited film and TiO 2 film, as shown in Fig. 3. Fig. 3 shows that the XRD diffraction peaks of anatase phase for TiO 2 were found at 2θ = 25
• , 2θ = 37 
where λ represented the wavelength of X-ray (0.1540 nm), β represented the full width at half maximum, θ represented the diffraction angle, and D represented the grain size of the film [18] . The optical properties of Fe 3 O 4 -TiO 2 composited film and TiO 2 film were investigated by UV-vis absorption spectra. From Fig. 4 , the absorption of Fe 3 O 4 -TiO 2 composited film not only exhibited red-shifts of the absorption edge, but also had an enhancement of light absorption, which indicated that Fe 3 O 4 could increase the range of light absorption for TiO 2 film [10] . Furthermore, the absorption is related to the bandgap of the film, which could be calculated by equations (2)-(3)
where A is the light absorption of the film, α is the coefficient of absorption by direct transition, hν is the phonon energy, E g is the bandgap, and B is the characteristic constant of material [19] , [20] . Fig. 6 .
C. DYE ADSORPTION OF THE FE 3 O 4 -TIO 2 COMPOSITED FILM
The dye adsorption of TiO 2 photoelectrode is an important parameter for DSSC, which is related to the current density of DSSC [21] , [22] . The dye loading of the TiO 2 photoelectrode was estimated by Beer-Lambert law (4)
where A is absorbance, ε is molar absorptivity, b is the length of optical path, and c is molar concentration of the compound in solution [23] , [24] . In our study, we used 0.1M NaOH solution to desorb the N3 dye from the sensitized films in Voltage (V) ( Table 1 [25]- [28] . It could be seen from Fig. 8 that the shortcircuit current density (J sc ) of DSSC based on Fe 3 O 4 -TiO 2 composited bandgap photoelectrode was larger than that of DSSC based on TiO 2 photoelectrode. When Fe 3 O 4 was incorporated into the TiO 2 photoelectrode, the photovoltaic conversion efficiency (η) was 3.54% under illumination of simulated AM 1.5G solar light (100 mW·cm −2 ), which was higher than the η of 2.35% of the DSSC with TiO 2 photoelectrode. In general, Fe 3 O 4 has the fast charge transfer between Fe 2+ and Fe 3+ [14] , which increase more conduction paths for electron, and restrain the condition of electron recombination. Besides, the higher dye loading of which could make more dye absorbed by Fe 3 O 4 -TiO 2 composited film and generated more photo-generated electrons for DSSC photoelectrode. Table 1 also showed the comparison of DSSC with other literatures [25] , [28] . In [15] , the photoelectrode of DSSC was TiO 2 film, which was fabricated by the electrophoretic deposition (EPD). The η of DSSC achieved 2.80% when the thickness of TiO 2 film was 14 μm. In [26] , the photoelectrode of DSSC was composed of Fe 2 O 3 film, which was fabricated by sol-gel spin coating method. Unfortunately, the η of [26] was only achieved 0.01%, which is poor for practical applications in the future. In [27] , the J sc and η of DSSC were higher than other literatures, which could be attributed to enhancement of light harvest and specific surface area of Fe 2 O 3 -modified TiO 2 photoelectrode. In [28] , it could be observed that magnetic bead (MB)-modified TiO 2 photoelectrode has the η of 4.03% because MB used its property of dispersion to increase the electron transfer path.
E. COMPARISON OF DYE-SENSITIZED SOLAR CELL WITH OTHER LITERATURES
F. ANALYSIS OF ELECRTROCHEMICAL IMPEADANCE OF DYE-SENSITIZED SOLAR CELL
Electrochemical impedance spectroscopy (EIS) is an useful method to investigate the internal impedance of heterojunction device, such as DSSC. The electrochemical interface of DSSC was simulated by introducing a resistance parallel to a capacitance [29] , [30] . Furthermore, the electrochemical interface of DSSC could be divided into three parallel circuits, as shown in Fig. 9(a) . In addition, the equivalent circuit of DSSC is the related to the experimental result of the Nyquist plot. The starting point of the Nyquist plot in the horizontal axis represented the serial resistance (R 1 ) between substrate and wire. The first semicircle at the high frequency in the impedance spectra represented the resistance (R 2 ) at the interface between electrolyte and Pt counter electrode, while the second semicircle at the intermediate frequency represented the resistance (R 3 ) at the interface between electrolyte and TiO 2 film [31]- [35] . On the other hand, C 1 represented the double-layer capacitance at the interface between electrolyte and Pt counter electrode, and C 2 represented the double-layer capacitance at the interface between electrolyte and TiO 2 film [34] , [36] . Table 2 . As seen in Fig. 9(b) and Table 2 [34] , [36] - [41] . Furthermore, Fe 3 O 4 acted as a catalyst to provide another pathway and enhance the electron transmission, which also suppress the resistance of electron recombination. Therefore, the performance of DSSC has been enhanced by modification of Fe 3 O 4 .
IV. CONCLUSION
In summary, we demonstrated that incorporating Fe 3 O 4 into TiO 2 photoelectrode could enhance the photovoltaic performance of DSSC. After incorporating Fe 3 O 4 into TiO 2 photoelectrode, it was found that the dye loading of Fe 3 O 4 -TiO 2 composited film was higher than that of TiO 2 film because of the enhancement of surface area for TiO 2 film. Furthermore, the short-circuit current density and photovoltaic conversion efficiency of DSSC based on Fe 3 O 4 -TiO 2 composited photoelectrode achieved 9.15 mA/cm 2 and 3.54%, respectively. The property of charge transfer for Fe 3 O 4 was also the key point to enhance the performances of DSSC, which has the fast charge transfer between Fe 2+ and Fe 3+ to increase the more conduction path for electron. For the electrochemical properties of DSSC based on Fe 3 O 4 -TiO 2 composited photoelectrode, it could be observed that the resistance between electrolyte and TiO 2 film increased, which indicated that a larger resistance at the interface between electrolyte and TiO 2 film had the benefit for suppression of charge recombination. 
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